Abstract Purpose: Thalidomide and its more potent immunomodulatory derivative lenalidomide enhance rituximab-mediated antibody-dependent cell-mediated cytotoxicity. We therefore evaluated lenalidomide and rituximab in symptomatic Waldenstrom's macroglobulinemia (WM) patients naive to either agent. Experimental Design: Intended therapy consisted of 48 weeks of lenalidomide (25 mg/d for 3 weeks and then 1week off) along with rituximab (375 mg/m 2 /wk) dosed on weeks 2 to 5 and 13 to 16. Sixteen patients were enrolled, 12 of whom were previously untreated. Results: Unexpectedly, we observed an acute decrease in hematocrit in 13 of 16 patients (median hematocrit decrease, 4.8%), which was attributable to lenalidomide patients and which led to cessation of further enrollment on this study. Lenalidomide-related anemia was observed even at doses as low as 5 mg/d and occurred in the absence of hemolysis or other cytopenias. The overall response and major response (<50% decrease in serum IgM) rates were 50% and 25%, respectively, on an intent-to-treat basis. With a median follow-up of 31.3 months, 4 of 8 responding patients have progressed with a median time to progression of 18.9 months. Conclusion: Lenalidomide produces unexpected but clinically significant acute anemia in patients with WM. In comparison with our previous study with thalidomide and rituximab in an analogous patient population, the responses achieved in WM patients with lenalidomide and rituximab appear less favorable.
Waldenstrom's macroglobulinemia (WM) is a B-cell disorder characterized primarily by bone marrow infiltration with lymphoplasmacytic cells along with demonstration of an IgM monoclonal gammopathy (1) . This condition is considered to be lymphoplasmacytic lymphoma as defined by the REAL and WHO classification systems (2, 3) . Despite advances in therapy, WM remains incurable. As such, novel therapeutic agents are needed for the treatment of WM.
One class of therapeutics that has been successfully used in patients with WM are monoclonal antibodies. Both rituximab and alemtuzumab have been evaluated in WM as single agents with major response rates of 30% to 40%, whereas the combination of rituximab with chemotherapy has resulted in response rates of 70% to 90% (4) . With the attainment of higher response rates with chemo-antibody therapy, considerably more short-term and long-term toxicities have been reported (4, 5) . In an effort to augment monoclonal antibody responses in WM patients while averting short-term and longterm chemotherapy-induced toxicities, we have sought the development of immunomodulatory agents for combination with rituximab. Thalidomide and its more potent immunomodulatory derivative lenalidomide augment antibodydependent cell-mediated cytotoxicity (5) . Moreover, these agents also lead to expansion of natural killer cells, which serve as important effector cells for rituximab activity in patients with indolent non-Hodgkin's lymphoma (6 -9) . As a follow-up to these findings, we recently performed a clinical trial exploring the combined use of thalidomide and rituximab in patients with WM who were naive to either agent (10) . The results of this study demonstrated a higher (70%) major (z50% decrease in IgM) response rate than observed previously with either thalidomide (20-25%) study were durable, with time to progression (TTP) of z38 months observed among responders. The response rate and TTP for combined thalidomide and rituximab therapy was comparable with that reported with combinations of cytotoxic agents or nucleoside analogues and rituximab (4) . However, we observed a high incidence (44%) of reversible grade z2 peripheral neuropathy. A higher incidence of peripheral neuropathies has also been observed by us in WM patients treated with bortezomib in comparison with patients with other B-cell malignancies, suggesting a constitutive predisposition to neuropathy (11) . As such, given the greater immunomodulatory activity as well as diminished neuropathic potential for lenalidomide relative to thalidomide, we performed this phase II study of lenalidomide and rituximab in WM patients naive to either agent and reported herein the toxicities and activity of this novel combination.
Patients and Methods
Patients with a clinicopathologic diagnosis of WM requiring therapy based on the consensus recommendations of the Second International Workshop on Waldenstrom's Macroglobulinemia (12) , and who were naive to rituximab and lenalidomide, and with CD20 + tumor cells as determined by previous bone marrow immunohistochemistry or flow cytometry were eligible for this study. To meet eligibility, patients had to show a monoclonal IgM protein, minimum IgM level z2 times the upper limit of normal, baseline platelet count z25,000/AL, absolute neutrophil count z500/AL, serum creatinine <2.5 mg/dL (unless nephropathy was attributable to their WM), serum total bilirubin and SGOT <2.5 times the upper limit of normal, and Eastern Cooperative Oncology Group performance status 0 to 2. No chemotherapy, steroid therapy, or radiation therapy within 30 days of study entry was permitted. Patients who were pregnant or lactating, had serious comorbid disease, had any uncontrolled bacterial, fungal, or viral infection, or an active second malignancy were not eligible. All men and women of reproductive potential were required to agree to use an acceptable method of birth control before, during treatment, and for 6 months after completion of study treatment.
All patients provided informed written consent and the institutional review board approved the protocol. Intended therapy consisted of lenalidomide administered at a starting dose of 25 mg/d by mouth for 3 weeks and then 1 week off on a syncopated schedule as part of a 4-week cycle. Patients could receive up to 48 weeks of therapy with lenalidomide. Dose de-escalation was permitted to 15 mg/d on days of treatment. Following enrollment of the first 11 patients, the protocol was amended to initiate patients on a start dose of 20 mg/d on the same syncopated schedule as before, with dose de-escalation permitted to 10 mg/d on days of treatment. Following the enrollment of one patient at the start dose of 20 mg/d, the protocol was again amended to initiate patients at a start dose of 15 mg/d, on the same syncopated schedule as before, with dose de-escalation permitted to 5 mg/d on days of treatment.
Rituximab was administered at 375 mg/m 2 /wk during weeks 2 to 5 and 13 to 16 for a total of 8 infusions. Patients who did not tolerate the first cycle (4 infusions) of rituximab therapy were removed from the study and not replaced. Sixteen patients were enrolled in this study, which used a Simon two-stage design. Sample size was based on the assumption that the expected response rate would be at least 50%. Therefore, to have a 95% confidence interval of f20%, a sample size of 25 was required.
Response determination. A baseline evaluation was obtained for enrollment within 30 days before initiation of therapy. Patients underwent re-staging studies every 3 months while on therapy and thereafter every 3 months until progression of disease. As part of their response evaluation, all patients underwent history and physical exam, laboratory studies consisting of a complete blood count and differential, serum IgM levels, h 2 -microglobulin levels, and bone marrow biopsy and aspiration. Response determinations were made using modified consensus panel criteria from the Third International Workshop on Waldenstrom's Macroglobulinemia, and response rates determined on an evaluable basis (13) . A complete response was defined as having resolution of all symptoms, normalization of serum IgM levels with complete disappearance of IgM paraprotein by immunofixation, and resolution of any adenopathy or splenomegaly. Patients achieving a major response and a minor response were defined as achieving z50% and z25% reduction in serum IgM levels, respectively. Patients with stable disease were defined as having <25% change in serum IgM levels in the absence of new or increasing adenopathy or splenomegaly and/or other progressive signs or symptoms of WM. Progressive disease was defined as occurring when a >25% increase in serum IgM level occurred from the lowest attained response value or progression of clinically significant disease-related symptom(s). For patients undergoing plasmapheresis, serum IgM levels were used for purposes of assessing response only after steady-state attainment (z5 weeks from last plasmapheresis). TTP was calculated from the start of therapy using the Kaplan-Meier method.
Analysis of peripheral blood effector cells. Serial changes in the absolute levels of peripheral blood effector cells following lenalidomide monotherapy during the first week (and before introduction of rituximab to prevent effector cell alterations) were done as described previously (10) .
Statistical analysis. Comparison of pretreatment and posttreatment variables was done using a two-tailed Student's t test on Microsoft Excel software. P V 0.05 was deemed to be significant for the above studies.
Results
Patient and disease characteristics. The clinical features of the 16 patients enrolled in this study are summarized in Table 1 . Of the 16 patients enrolled on study, 12 were previously untreated. Of the 4 previously treated patients, all
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had relapsed to their prior therapy. The median cumulative dose of lenalidomide administered for the intended 48-week treatment period among all enrolled patients was 455 mg (range, 140-5,670), and the median number of weeks on lenalidomide therapy was 15.8 (range, 1.1-48). The median number of cycles of rituximab among all enrolled patients was 8 (range, [3] [4] [5] [6] [7] [8] . Twelve patients were evaluable for response. Four patients were unevaluable for response due to their premature withdrawal resulting from adverse events associated with lenalidomide (n = 3) and rituximab (n = 1).
Clinical response to therapy. The individual changes in serum IgM levels at best response for all evaluable patients are shown in Fig. 1 . Median serum IgM levels for all evaluable patients declined from 2,980 mg/dL (range, 1,180-7,130) to 1,775 mg/dL (range, 83-4,220) at best response (P = 0.015). Pre-therapy, 6 of 12 (50%) showed a serum IgM level z3,000 mg/dL; at best response, only 3 of 12 (25%) had an IgM level z3,000 mg/dL. Overall, 8 of 16 patients enrolled in this study showed at least a minor response as their best response. Of these patients, 4 of 16 (25%) achieved a major response and 4 of 12 (25%) achieved a minor response. There were no complete responders. Among responding patients, the median time to best response was 11.8 months (range, 6-26.4), and the median time for a 25% reduction in serum IgM among responders was 3.6 months (range, 1.1-7.3). Among major responders, the median time to achieving a 50% reduction in serum IgM was 4.6 months (range, 2-13). Two patients displaying bulky adenopathy (n = 2) and/or splenomegaly (n = 1) had complete resolution of their extramedullary disease after experiencing pain at these disease sites following administration of lenalidomide and rituximab.
Time to progression. The median TTP for all evaluable patients was 17.1 months (range, 2-34.3) (Fig. 2) . With a median follow-up of 31.3 months, 4 of the 8 responding patients have progressed. The median TTP for all responding patients was 18.9 months (range, 11.4-34.3; Fig. 2) .
Changes in hematologic variables. Pre-therapy, 2 (16.6%) and 1 (8.3%) of the 12 evaluable patients showed hematocrit V30% and platelet count V100,000/AL, respectively. Following therapy, at best response, 1 (8.3%) and none of the 12 evaluable patients showed hematocrit V30% and platelet count V100,000/AL, respectively. A significant increase in the median hematocrit at best response was noted for the 12 evaluable patients from 32.1% (range, 24-36.6%) to 36% (range, 29-40.8%) following therapy (P = 0.037). The observed increase in median hematocrit with therapy followed cessation and/or dose modification of lenalidomide. Pre-and post-therapy, median platelet counts remained unaffected by therapy (P = 0.22).
Toxicities. Premature discontinuation of lenalidomide therapy occurred in 14 of 16 (88%) patients despite dose reduction in 13 of these patients and led to cessation of further enrollment on this study. Discontinuation of lenalidomide was based on aggravated anemia or anemia-related complications for 13 patients, and/or concurrent myelosuppression (neutropenia, n = 1; thrombocytopenia, n = 1), as well as development of lenalidomide-related palpitations in 1 patient. Acute decreases in hematocrit were observed during first 2 weeks of lenalidomide therapy in 13 of 16 (81%) patients (Fig. 3) . Within the first 2 weeks of therapy, the median hematocrit declined from 32.3% (range, 26.4-36.6%) to 27.1% (range, 24-32.4%). This decline was observed for most patients even after 1 week of being on lenalidomide alone and before receiving the first rituximab infusion. The median decrease in absolute hematocrit values at lowest point in the 2 weeks following start of lenalidomide was similar for all three start doses examined: -3.15% (25 mg; n = 11), -5.4% (20 mg; n = 1), and -3.75% (15 mg; n = 4). The decrease in hematocrit observed following initiation of lenalidomide therapy was deemed to be a factor, at least in part, for the hospitalization of 4 patients due to congestive heart failure (n = 2), arrhythmia (n = 1), and syncope (n = 1). Examination of lactic dehydrogenase and reticulocyte counts post-lenalidomide in 4 patients who became anemic were unrevealing for hemolysis, and a bone marrow biopsy and aspiration done in 2 patients showed normal or mildly decreased erythroid elements. No overt blood loss was seen. Erythropoietin administration was required for 10 patients along with transfusional support consisting of packed RBC and platelets for 7 and 1 patients, respectively, as a consequence of lenalidomide. Although no dose reduction in rituximab was permitted on this study, premature discontinuation for this treatment occurred in 3 patients for rituximab-induced symptomatic hyperviscosity (n = 2) or anaphylaxis (n = 1). A complete list of all grade z2 toxicities and the treatment (lenalidomide, rituximab, or both) to which they are possibly, probably, or definitely attributed to appears in Table 2 .
Paradoxical increases in serum IgM levels. Abrupt and paradoxical increases in serum IgM levels have been reported with the use of rituximab in patients with WM and can aggravate hyperviscosity and contribute to hyperviscosityrelated symptoms (14, 15) . For this reason, plasmapheresis was strongly encouraged for patients who had a pre-therapy serum viscosity of z3.5 CP. Six patients underwent pre-therapy plasmapheresis. During the first four infusions of rituximab, an increase in serum IgM above baseline of z25% was observed in 12 of 16 (75%) patients and prompted the use of plasmapheresis in 7 of 16 (44%) patients. This paradoxical spike in serum IgM levels was not observed for the 10 patients who received the second 4-week course of rituximab, and none required plasmapheresis just before or during the second course of rituximab treatment. No spike in IgM levels was observed during the period patients were on lenalidomide monotherapy (during the first week) and only occurred following initiation of rituximab therapy.
Effect of lenalidomide on immune effector cell levels. As part of this study, we assessed the effect of lenalidomide as an immunomodulating agent by determining changes in absolute median levels of total T cells (CD3 + ), natural killer cells (CD16 + CD56 + ), helper T cells (CD4 + ), cytotoxic T cells (CD8 + ), as well as monocytes following 7 days of lenalidomide monotherapy and before the first rituximab infusion. The baseline and day 7 levels for these effector cells are provided in Table 3 . No significant change in the level of total, CD4 and CD8 lymphocyte, natural killer cell, and monocyte peripheral blood levels was observed. In addition, no association with changes in any effector cell population and response was observed.
Discussion
Despite robust expression of CD20 in WM, responses to rituximab monotherapy are seen in less than half of treated patients, paralleling the experiences reported in other indolent non-Hodgkin's lymphoma (4). Tumor-related variables including CD20 antigen loss, complement resistance antigen expression, and tumor burden have been addressed previously by us and others and do not account for the heterogeneous response observed in WM patients treated with rituximab (16 -18) . The possibility that patient-related differences might account for the heterogeneity in rituximab response in WM patients was suggested by our previous studies, showing a high degree of dependence for its activity on polymorphisms present within the rituximab binding domain of FcgRIIIA (CD16; ref. 19 ). These studies also implicated antibody-dependent Fig. 3 . Pre-therapy and lowest post-therapy hematocrit for 13 WM patients who showed aggravated anemia within a 2-week period of initiation of lenalidomide therapy. cell-mediated cytotoxicity function, particularly mediated by FcgRIIIA-expressing natural killer cells, as being essential to rituximab response in WM patients. We therefore focused our efforts on enhancing rituximab efficacy by use of agents, which could augment natural killer cell levels as well as antibodydependent cell-mediated cytotoxicity activity. Our previous findings showed that thalidomide could enhance circulating natural killer cells in MM patients, whereas thalidomide and more so its analogue lenalidomide enhanced rituximabmediated antibody-dependent cell-mediated cytotoxicity activity (6, 20) . As such, we initiated clinical trials first examining the activity of thalidomide and thereafter lenalidomide in combination with rituximab.
The results of the present study examining lenalidomide in combination with rituximab showed overall and major response rates of 50% and 25%, respectively, on an intent-totreat basis. No complete responses were observed. The median TTP for responding patients was 18.9 months. Disappointingly, however, the overall and major response rates as well as the TTP observed with lenalidomide and rituximab appeared inferior to the results attained in our recent study with thalidomide and rituximab in a highly comparable patient population, wherein the overall and major response rates were 72% and 64%, respectively, and TTP for responding patients was 38.7 months. This finding is unexpected, particularly in context of previous findings by us and others showing greater immunostimulatory properties including enhanced antibody-dependent cell-mediated cytotoxicity activity for lenalidomide versus thalidomide (6, 20) . Potential reasons for this discrepancy in activity for lenalidomide versus thalidomide could include higher rate of premature discontinuation of therapy due to intolerance (88% versus 44%) as well as greater nonimmunomodulatory mechanisms of action for thalidomide such as phosphodiesterase-4 inhibition. Impressive, however, was the observation of complete nodal responses in 2 patients with bulky adenopathy, which included 1 patient with marked (22 cm) splenomegaly. This finding may hold particular relevance for the investigation of lenalidomide and rituximab in patients with other types of lymphomas. An important recognition in this study was the unexpected anemia produced by lenalidomide in patients with WM, particularly the acuity in which such decreases in hematocrit occurred. The mechanism for this finding remains to be clarified but suggests that lenalidomide may aggravate an underlying constitutional genetic defect perhaps central to the pathogenesis of WM itself given the uniqueness of this toxicity in WM patients. The immunomodulatory derivatives of thalidomide including lenalidomide and pomalidomide are known to dampen both erythroid maturation and/or erythroid colony formation in part through down-regulation of GATA-1, GATA-2, EKLF, and Gfi-1b (21, 22) . Studies delineating the relative expression levels of these and other red cell transcription factors in stem cells of WM patients may help elucidate this idiopathic finding of lenalidomiderelated anemia in this patient population. Unfortunately, despite aggressive dose reduction in lenalidomide, many patients did not tolerate lenalidomide because of faltering hematocrits at the doses and schedule examined in this study. Future trials using lower start doses of lenalidomide or alternative schedules could be considered in WM patients, although in view of the inferior outcomes observed in this trial with lenalidomide versus thalidomide with rituximab, other combinations should be considered, such as with bortezomib.
Lastly, this study underscores the importance of conducting clinical trials in patients with various malignancies, because unexpected toxicities can often occur even among patients considered to have similar diseases. Although lenalidomide is known to produce late neutropenia and thrombocytopenia in patients with multiple myeloma at the same dose levels and schedule used in this study, WM patients experienced unexpected aggravation of anemia as their drug-limiting toxicity. Similarly, we and others have reported unexpected or exaggerated toxicities in WM patients with agents commonly employed in other related B-cell disorders such as the paradoxical IgM spike seen with rituximab or the higher incidence of peripheral neuropathy with bortezomib.
In summary, the results of this study show that lenalidomide at conventional dosing and schedule can produce unexpected and acute declines in hematocrit in patients with WM, which are clinically significant and can result in hospitalizations. Moreover, in comparison with thalidomide and rituximab, the combination of lenalidomide and rituximab produced inferior outcomes in terms of both response rates and TTP in an analogous patient population. 
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